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SUMMARY 

An a l t e r n a t e  f i e l d  j o i n t  design has been developed by LaRC. The design 

e f f o r t  was l i m i t e d  t o  a pe r iod  of approximately three weeks i n  order  t o  meet 

schedule cons t ra in t s  imposed by NASA Headquarters. 
L 

The design has no t  been 

opt imized f o r  weight reduc t ion  but has been developed w i t h  sa fe ty  as the h ighes t  

p r i o r i t y .  

t h e  eva lua t ion  c r i t e r i a  developed by LaRC t o  assess o ther  candidate SRB j o i n t  

A l l  design requirements f o r  the SRB have been considered i n  a d d i t i o n  t o  

designs. 

Design features o f  the  j o i n t  include a b o l t e d  i n - l i n e  f langed j o i n t  w i t h  two 

face seals, one an elastomer "0" r i n g  and the  other  a metal "C" r i ng .  

seals are seated a t  i n s t a l l a t i o n ,  remain seated and can be v e r i f i e d  by pressure 

These s t a t i c  

t es t i ng .  

dur ing  f l i g h t .  

faces o f  the  two mating segments p ro tec t  the  j o i n t  from h o t  gases. 

b o l t e d  concept requ i res  the b o l t s  t o  be p a r a l l e l  t o  the  casing causing p ro t rus ion  

i n t o  the  p r o p e l l a n t  volumne. Also, the  i n - l i n e  j o i n t  weighs about 940 l b  more 

than the  c lev i s - tang  design b u t  t he  ef fects  are minimal because the  p rope l l an t  

l o s s  o f f s e t s  the  s t r u c t u r a l  weight increase. 

The j o i n t  i s  preloaded t o  prevent gapping between sea l ing  surfaces 

An inne r  l i n e r  seal together w i t h  an i n te r fe rence  f i t  o f  the l i n e r  

The i n - l i n e  

Shut t le  performance i s  s l i g h t l y  

a l t e r e d  because o f  the s t r u c t u r a l  and prope l lan t  weight exchange. 

An i n t e r n a l  s o f t  seal i s compressed between r i  g i  d i nsul a t i  ng r i  ngs prevent i  ng 

h o t  gases from reaching the  pressure she1 1. Thermal ana lys is  has shown t h i s  

concept t o  be acceptable, even i n  the  event o f  a f a i l u r e  i n  which a gap t o  the  

s h e l l  i s  opened. A smooth f a i r i n g  covers the  external  sur face o f  the j o i n t s  f o r  

aerodynamic purposes and thermal protect ion.  
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A goal tha t  was no t  sa t i s f ied  was zero opening of the seal gap under load. 

Early analysis indicated tha t  a small gap would develop a t  the flange sealing area 

of approximately .002 t o  .007 inches. The metallic "C" r i n g  was included i n  the 

design to  accommodate the expected flange deflection. 

suff ic ient  low temperature response character is t ics  and springback margin to  

remain seated throughout an STS mission. 

have indicated t h a t  the gapping can be reduced on an optimized design. 

Metallic "C" rings have 

Further studies (which are not complete) 

Manufacture of the new j o i n t  i s  w i t h i n  the capabi l i t ies  of the vendors b u t  

will  cause a t  l e a s t  a 12-month impact t o  the current STS Program schedule for 

development of a new SRB j o i n t .  

Verification testing of the new design does not represent a major problem and 

i n  f ac t  may be more s t ra ight  forward than required by redesigned jo in ts  which 

u t i l i z e  the same forgings. 

structural  weight and minimize propellant loss. 

T h i s  design can be further optimized to  reduce 
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LaRC was 

f i e l d  j o i n t  w 

. was assembled 

. 

Bo1 t e d J  o i  n t  

conta ins two 

The seals se 

requested by NASA 

INTRODUCTION 

Headquarters t o  develop a concept f o r  the  SRB 

thou t  the  constra n t  of using e x i s t i n g  forg ngs. An eva lua t ion  team 

a t  the  LaRC and developed c r i t e r i a  ( t a b l e  1) f o r  an acceptable 

design t h a t  would meet t h e  ob jec t ives  f o r  a safe, r e l i a b l e ,  and analyzable j o i n t .  

The team, us ing the  design c r i t e r i a ,  proceeded t o  develop a concept i n  a 

pe r iod  o f  th ree  weeks. Several concepts were evaluated before the  In -L ine  

Conceptual Design ( f i g u r e s  1 and 2) was selected. The design 

f langed face seals t h a t  are preloaded by b o l t s  and remain seated. 

ected were a metal "C" r i n g  and a V i t o n  elastomer "0" r i ng .  I n te rna  

i n s u l a t i o n  p ro tec ts  the  seals from ho t  motor gases and the  ou ts ide  o f  the SRB cas 

j o i n t  i s  p ro tec ted  from aerodynamic heating by a cork covering. 

? 

The design has no t  been optimized and several areas need add i t i ona l  study and 

ana lys is  (i .e., weight reduction, h igh  stresses, and p rope l l an t  volume d isp lace-  

ment) t o  determine the  impact on the s h u t t l e  performance. 

design are  covered i n  the  fo l l ow ing  sections o f  t h i s  repor t .  

The d e t a i l s  o f  t h i s  
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SRB IN-LINE JOINT CONCEPT 

Configuration Descript ion 

The Space Shut t le  So l i d  Rocket Booster (SRB) i s  composed o f  several 

subassemblies; t h e  nose cone, s o l i d  rocke t  motor, and t h e  nozzle assembly. Each 

SRB motor i s  made o f  11 i n d i v i d u a l  c y l i n d r i c a l  weld-free sect ions about 12-feet i n  

diameter. 

sect ions c o n s i s t  o f  the forward dome section, s i x  c y l i n d r i c a l  sections, the a f t  ' 

ex ternal  tank-at tach r ing  section, two s t i f f e n e r  sections, and the  a f t  dome 

sect ions.  

A f t e r  assembly they form a c y l i n d e r  about 116 f e e t  long. The 11 

I 

The 11 sect ions of the SRB case are j o i n e d  by tang-and-clevis j o i n t s  he ld  

together  by 177 steel  p ins  around the circumference o f  each j o i n t .  

sect ions have been machined t o  c lose tolerances and f i t t e d ,  they are assembled a t  

t h e  factory  i n t o  four segments. These four  c y l i n d r i c a l  segments are then cas t  

w i th  p r o p e l l a n t  and shipped t o  KSC f o r  assembly. The j o i n t s  assembled a t  the 

f a c t o r y  are c a l l e d  factory  j o i n t s  and the  j o i n t s  between the f o u r  p rope l lan t -  

f i l l e d  segments a re  c a l l e d  f i e l d  j o i n t s .  

redesign o f  the f i e l d  j o i n t .  

A f t e r  the 

The i n - l i n e  j o i n t  concept represents a 

The SRB j o i n t  concept ( f i g u r e s  1 and 2) developed by the LaRC i s  a face 

seal ed i n-1 i ne bo1 t e d  j o i  n t .  

p a r a l l e l  t o  the  c e n t e r l i n e  o f  the cy1 i n d r i c a l  pressure vessel. 1 

se lected because face seals are much l e s s  prone t o  leakage i n  a dynamic 

environment than the gland type seals used i n  the  e x i s t i n g  design on STS. 

( In-1 i ne ind ica tes  t h a t  the fastener  center1 i ne i s 

This concept was 

The j o i n t  geometry was selected t o  minimize the  forces and moments t h a t  tend 

t o  reduce seal ef fect iveness. I n t e g r a l  f langes are at tached t o  the pressure 

casing w i th  gussets located between the  144 fasteners. The preloaded fasteners 
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assure t h a t  seal area flange de f l ec t i on  i s  minimized dur ing  the  i g n i t i o n  and 

burn ing of t he  SRB. 

The seal con f i gu ra t i on  se lected consis ts  o f  a V i ton  elastomer "0" r i n g  on 

t h e  i n s i d e  and a m e t a l l i c  "C" r i n g  on the outside. 

f i g u r a t i o n  w i l l  be t o l e r a n t  t o  the  prelaunch temperature v a r i a t i o n s  experienced by 

t h e  STS. 

I t i s  f e l t  t h a t  t h i s  con- 

A cork f a i r i n g  i s  bonded over t h e  i n - l i n e  j o i n t  t o  p r o t e c t  the  fasteners and 

f lange from ex terna l  heat ing  and t o  assure t h a t  aerodynamic drag losses are  min i -  

mized. A smooth bonding surface i s  formed by f i l l i n g  the  vo id  between the  gussets 

w i t h  foam. The cork i s  then bonded t o  the  c y l i n d r i c a l  p o r t i o n  o f  the  motor case 

as we l l  as over the  gussets and foam. 

R i g i d  r i n g s  compressing a s o f t  elastomer seal ( f i g u r e  3) p r o t e c t  t h e  SRB case 

and the  face seals from i n t e r n a l  heating. These r i ngs  are molded p h e n o l i c - s i l i c a  

and the  elastomer seal i s  a low durometer NBR. Bonding i s  the  proposed method f o r  

a t tach ing  the  r i n g s  t o  t h e  s tee l  case and the  NBR 1 iner .  The purpose o f  the  s o f t  

seal i s  t o  f i l l  voids t h a t  may r e s u l t  from manufacturing tolerances. 

Thermal ana lys is  r e s u l t s  i n d i c a t e  t h a t  t h i s  concept w i l l  perform 

s a t i s f a c t o r i l y  even i f  the  i n t e r i o r  50 percent o f  the r i n g s  are burned away and 

l o c a l  gap openings form. 

formed between the  r i n g s  and s o f t  seal, when exposed t o  a temperature drop, w i l l  

be extremely sma l l  when compared t o  the cu r ren t  design. The r i n g s  w i l l  remain 

bonded dur ing  hor izon ta l  t e s t i n g  and al low f o r  p rope l l an t  venting. 

A fea ture  o f  the  r i g i d  r i n g  concept i s  t h a t  t he  gap 
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Design Considerations and Tradeoffs 

Several conf igurat ions,  components, mater ia ls ,  etc. were i nves t i ga ted  f o r  

each element o f  t he  in-1 i n e  bo1 t e d  j o i n t  concept. Some of these considerat ions 

and t radeo f f s  were: 

o J o i n t  de f l ec t i on  

o Weight increase and j o i n t  gaps 

o Drag 

o Thermal p ro tec t i on  p f  seal area 

- Preloaded i n s u l a t i o n  j o i n t  i n t e r f a c e  

- Bonded i n s u l a t i o n  j o i n t  i n t e r f a c e  

o B o l t  size and spacing, and web/flange thickness r a t i o  

o Mater ia ls  - space q u a l i f i e d ,  i f  poss ib le  

o Forg ing s izes - use o f  e x i s t i n g  b i l l e t s  and minimum add 

o Hand1 i ng a t  KSC - assembly/disassembly 

o Manufac turab i l i t y  - can to lerance requirements be met 

t i o n a l  too 

F i n a l  se lec t ions  evolved from a ser ies  o f  i t e r a t i o n s  and working l e v e l  

reviews comment by the design team. 

i ng 

Two o f  the  a1 te rna te  s t r u c t u r a l  con f igura t ions  t h a t  were considered are shown 

i n  f i gu res  4 and 5. The primary va r iab le  was the  l o c a t i o n  o f  the b o l t s  r e l a t i v e  

t o  the  bas ic  pressure vessel wa l l .  

and s ize  as we l l  as b o l t  and nu t  o r  s tud and nuts. 

summarized i n  t a b l e  2. 

Fastener t radeo f f  s tud ies considered number 

B o l t  s i z e  and spacing data are 

Several f lange seal va r ia t i ons  were considered and those determined t o  be 

lead ing  candidates are shown i n  tab le  3; mater ia ls  inc luded Viton, Inconel 718 and 

others. It i s  f e l t  tha t  the V i ton  w i l l  seal s a t i s f a c t o r i l y  a t  -15°F when used i n  
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face seal applications. Seal design concepts considered were solid cross section 

elastomer "0" rings, tubular metallic "0" rings and metallic "C" rings. Tubular  

metallic "0" rings were rejected because of the h i g h  loads (1200 l b / i n )  required 

for seating. 

seating requirements are minimal f o r  face seals. 

"C" rings require about  450 lb/in t o  seat and elastomer "0" r i n g  

Other liner seal concepts considered are shown i n  figures 6 and 7. The 

f e l t  t h a t  there could rejected because i t  was bonded and put ty  filled methods were 

be a structural failure of the ring 

Also, the bonded j o i n t  would be very 

nternal surface due t o  nternal pressure. 

d i f f i c u l t  t o  disassemble and the put ty  

distribution would be hard t o  control a t  assembly. The  unbonded j o i n t  was 

rejected because i t  d i d  not address t h e  criteria requiring t h a t  no ho t  gases reach 

the SRB case. 

Table 4 contains weight comparison between the present design and the 51-L 

design. Details of the weight tradeoff study are discussed later. 

REQUIREMENTS 

General 

Design Requirements utilized i n  the design of the in- l ine bol ted  j o i n t ;  

along w i t h  those of table 1 were: 

o Forging thickness requirement t o  be less than 3.5 inches 

o In the event of the internal seal failure a tortuous p a t h  greater 

t h a n  2&" long betwo- h ' gas and pressure shell shall be provided 

o Seal material vo la t i l e  content less than t h a t  of the NBR 
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Loads 

The load ing  cond i t ion  analyzed i n  t h i s  r e p o r t  i s  associated w i t h  the  SRB 

i g n i t i o n  stage, and represents the  h ighes t  load ing  t h a t  occurs on any j o i n t  dur ing 

f l i g h t .  

The loads shown below occur toward the  forward end o f  the  SRB a t  s t a t i o n  531 and 

can be referenced i n  "Space S h u t t l e  High Performance Motor SRM Case Stress 

Analys i  s" , document number TWR-12968 Rev. A, Section I 11.1, dated J anuary 10, 

1983, prepared f o r  NASA by the  Thiokol Corporation. 

Th is  loading cond i t i on  was chosen t o  analyze a worst  s t ress  s i t ua t i on .  

1. In te rna l  Pressure: 988 p s i  (1000 p s i  used i n  ana lys is )  

Maximum Ax ia l  Load: 17.8 x 106 l b  (18 x 106 l b  used) 

( inc ludes the  e f fec t  o f  a bending moment o f  95.1 x 106 i n - l b )  

See STRUCTURAL ANALYSIS sect ion f o r  f u r t h e r  d i  scussi on o f  the  loads. 

2. Seal Loads 

"C" seal sea t ing  fo rce  

450 lb / in .  combined w i t h  o ther  loads 

Factors  and Margins o f  Safety 

o Factor o f  Safety (f.s.1 

- 1.4 on u l t i m a t e  s t rength  

- 1.25 on y i e l d  s t rength  

- 
- 

B o l t  pre load i s  70 percent o f  u l t i m a t e  s t rength  

Required number o f  b o l t s  i s  1.5 times the  number needed 

t o  balance t h e  a x i a l  load  based on the  b o l t s  being loaded 

t o  70 percent o f  u l t i m a t e  s t rength  

8 



o Margins of Safety 

> 0 when computed as follows: - 

1 -  

allowable load -1 
MS = limit load x f .s .  

where the following de f in i t i ons  apply: 

- Limit load i s  the maximum expected load  

- Allowable load results from combining element section 

and material strength properties t h a t  have received 

general acceptance for use i n  design 

Internal Environment 

The h o t  gases produced from the burning of the SRB propellant determine the 

Steady state as internal environment design requirements for the in-1 ine j o i n t .  

we1 1 as dynamic effects were considered. 

pressures, and properties are presented i n  table 5. 

Steady state gas temperatures, 

Dynamic effects considered are t h e  result of small pressure fluctuations i n  

the SRB d u r i n g  propellant burn. These acoustic pressure oscillations are 1.92 psi 

(0 t o  peak) w i t h  a predominate frequency of 15 hz as measured by NASA-MSFC. The 

hot gas effects are appl ied throughout the two-minute burn  period. 

In-line j o i n t  subsystems affected by l i f t - o f f  noise, pressure gradients, and 

plume impingement were designed to  be similar to ,  or stronger t h a n ,  related items 

on the clevis-tang design. Maximum predicted SRB external temperatures were used 

t o  design the in-line j o i n t  fairing and heat protection because heat ing rate 

information was not avai 1 ab1 e. 

The temperature-time histories predicted from da ta  supplied by MSFC are 

summarized below: 
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0 - 150 sec.; aerodynamic heat ing 

maximum cork temperature: 375'F 

maximum cork/SRB temperature: 255OF 

150 - 260 sec.; coo l ing  

260 - 310 sec.; i n t e r n a l  heat ing 

maximum cork temperature: 465'F 

maximum cork/SRB temperature: 240°F 

The maximum temperature o f  the exposed f lange when subjected t o  the above 

cond i t ions  i s  predic ted t o  be 275OF. 

WEIGHT AND PROPELLANT CONFIGURATIONS 

Since t h e  weight i s  a major cons iderat ion o f  any SRB redesign, LaRC has 

reviewed var ious design opt ions f o r  reducing the weight. 

shows promise includes the  use o f  a l a r g e r  number o f  smal ler  b o l t s .  

t ime al lowed f o r  t h i s  study the d e t a i l s  on a l i g h t e r  weight design have n o t  been 

completed. 

One such approach which 

Due t o  the 

Weight comparisons between the proposed SRB j o i n t  redesign and the e x i s t i n g  

j o i n t  were made choosing 12 inches on e i t h e r  s ide o f  the  case i n t e r f a c e  as a 

reference length.  Nominal dimensions were used i n  a l l  ca lcu la t ions .  Case weights 

were based on t h e i r  volume t imes a densi ty o f  0.283 pounds per  cubic inch. 

Prope l lan t  weight loss o f  the redesigned case was equal t o  the volume displaced 

t imes a p r o p e l l a n t  density o f  0.064 pounds per cubic inch. 

show a sect ion o f  the proposed redesigned SRB j o i n t  and the  e x i s t i n g  design, 

respect ive ly .  Figure 10 shows an over lay of the two designs. 

t h e  weight o f  the t w o  designs. 

F igure 8 and f igure  9 

Table 4 summarizes 

E=Ph SRB conta ins e i g h t  c lev is - tang j o i n t s ,  three 

10 



of which are  termed "field" joints. 

redesigned jo in t ,  a l l  e i g h t  jo in ts  would be candidates for change. The result ing 

If a decision i s  made t o  incorporate this 

weight gain per SRB i n  case material 

including fasteners. The propel lant  

the redesign is  15,700 cubic inches. 

pounds per jo in t ,  or 7536 pounds per 

would be 7544 pounds (943 l b  per jo in t )  

volume loss  per j o i n t  due t o  an incursion of 

The weight of t h i s  l o s t  propellant i s  942 

In order t o  assess the impact of the SRB. 

combination of weight increase and propellant loss on STS Dayload we igh t ,  a three- 

degree-of-freedom trajectory simulation was developed for a typical Shuttle 

f l i gh t ,  w i t h  and without w i n g  normal force constraints, from l i f t -o f f  t o  main 

engine cut-off. Variations of each of these two baseline cases were analyzed i n  

which the available propellant i n  the SRB's was reduced by an increment of weight 

and the structural  weight of the SRB's was increased by that  same increment of 

weight. 

reduction. 

payload reduction versus the increment of weight transferred from SRB propellant 

t o  structural  weight. 

Also, the gross l i f t -of f  weight was reduced by the amount of payload 

Figure 11 summarizes the results of the cases studied i n  terms of 

SUBSYSTEM DESCRIPTIONS 

Fasteners 

The in-line jo in t  flange fasteners were c r i t i ca l  to the design due to the 

h i g h  loads involved. 

already qualified for use on the STS. Standard Pressed Steel Incorporated 11/.-inch 

Because of th i s  c r i t i c a l i t y ,  i t  was decided to  select  units 

MP35N s tuds  w i t h  Inconel 718 n u t s  were determined t o  be the best choice. 

T h i s  fastener combination was extensively tested by NASA-MSFC before 

incorporation into the STS mmponent inventory and the resul ts  are presented i n  
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reference 1. The u l t imate  t e n s i l e  s t rength o f  the studs i s  guaranteed (by the 

vendor) t o  be i n  excess of 271,900 pounds. Current STS app l i ca t ions  inc lude the 

hydrogen/oxygen tank i n t e r f a c e  s t ructure,  wheels, a f t  s k i r t  attachment and drogue 

chute cover attachment. 

u l t i m a t e  strength.  

maximum app l ied  load. 

Th is  was done t o  expedite removal i n  the  event a thread was damaged dur ing 

assembly; however, there i s  not  much d i f fe rence i n  the space requi red between a 

s tud and nuts and a b o l t  and nut. 

cons iderat ion o f  a bo l t /nu t  combination may be desirable.  

The fasteners w i l l  be preloaded t o  70 percent o f  the 

The j o i n t  load  c a p a b i l i t y  s h a l l  be 50 percent greater  than the  

The conceptual design shows a stud w i t h  a n u t  on each end. 

I f  the design i s  adopted by the  STS, 

Flange Seals 

S i  nce seal i ng was the problem t h a t  prec i  p i  t a t e d  t h i s  study, consi derabl e 

e f f o r t  was d i rec ted  toward seals t h a t  would n o t  f a i l  when subjected t o  SRB launch 

under any condi t ions.  Elastomer and m e t a l l i c  "0" r i n g s  and m e t a l l i c  "C" seals 

were evaluated. 

se lected as the bes t  combination. Three seal diameters were evaluated (1 /4",  

3/8", and 1/2") and 3/8" was selected t o  minimize manufacturing and handl ing d i f -  

f i c u l t i e s .  

S t a t i c  seal ing, tolerances, assembly, and c u r r e n t  app l i ca t ions  are discussed 

bel  ow. 

A V i ton elastomer "0" r i n g  and an Inconel 718 ' IC" seal were 

The proper t ies o f  the seals considered are inc luded i n  t a b l e  3. 

It was f e l t  t h a t  s t a t i c  face seal ing i s  requi red f o r  t h i s  app l i ca t ion .  The 

sea l ing  surfaces ( o r  gap) remain f i x e d  i n  the face seal as opposed t o  poss ib le  gap 

changes i n  the current  gland seal ing. 

on ly  conf igura t ion  invest igated i n  which the compression loads were low enough t o  

assure t h a t  the flanges i n  the seal area could be clamped together. 

The "0" r ing/"C" seal combination was the 

Other seals 
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are  being i nves t i ga ted  t h a t  w i l l  no t  requi re  a l a r g e  preload, e.g., spr ing  t e f l o n  

s seals. Backup sea l ing  i s  prov ided by the Inconel 718 "C"  r ing .  The r a t i o n a l e  f o r  

t h i s  choice i s  t h a t  i f  the  V i t o n  "0" r i n g  experiences a f a i l u r e ,  t he  escaping 

gases w i l l  be very h o t  and concentrated, so another V i t o n  r i n g  (6OOOF m e l t i n g  tem- 

pera ture)  may no t  be e f f e c t i v e .  The "C" r i n g  can operate continuously a t  180OOF 

and a t  i n t e r m i t t e n t  temperatures t o  3000OF. 

The seal i n t e g r i t y  can be v e r i f i e d  by pressure t e s t i n g  through f lange po r t s  

i n  much t h e  same manner as the  c lev is- tang design. The t e s t  procedure must be 

designed t o  prevent  two anomal i es: 

(1) 

(2) 

A l e a k i n g  "0" r i n g  must no t  be masked by the  l i n e r  seal 

The p ressu r i za t i on  system must no t  be capable o f  damaging 

t h e  l i n e r  o r  p r o p e l l a n t  i f  the "0" r i n g  does leak 

A constant  volume t e s t  system can be designed t o  s a t i s f y  the above 

requirements. 

According t o  the  Parker Seal Co. +he most common type o f  f a i l u r e  o f  s t a t i c  

seals i s  ex t rus ion  o f  t he  "0" r i n g s  through the  clearance gap ( t a b l e  6) .  

es tab l i shed design c r i t e r i a  fo r  elastomeric "0" r i n g s  a t  LaRC i s  t h a t  f a i l u r e  i s  

assumed i f  the  r i n g  extrudes i n t o  the clearance gap, there fore  i n - l i n e  j o i n t  

design l i m i t s  f lange de f l ec t i ons  (gaps) t o  very small values. The r e s u l t  of 

ex t rus ion  i s  n i b b l i n g  o f  t he  "0" r i n g  a t  t h e  sea l ing  sur face and i s  documented i n  

d e t a i l  i n  re ference 2. 

SHORE A durometer hardness o f  75 + 5 corresponding t o  cu r ren t  STS "0" r ings .  

i s  i n t e r e s t i n g  t o  note t h a t  the "C" seal and the  "0" r i n g s  are almost equal ly  

t o l e r a n t  o f  f lange d e f l e c t i o n  a t  room temperature. 

An 

Gap de f lec t i ons  presented f o r  the  V i ton  "0" r i n g  are f o r  a - 
It 

Tolerance requirements fo r  
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Assembly of the "C" ring can be accomplished w i t h  four persons. The ring is 

very resistant to  local distortions. 

where the r ing  is deformed 15 percent ( o r  18") i n t o  an elliptical shape. The 12 

foot  diameter required for this application i s  relatively small when compared t o  

the 24 f o o t  maximum diameter produced by the vendor. Some field service for small 

scratches and other minor damage i s  available. Applications of "C" seals include 

the Peace Keeper Missile ( M X ) ,  head cap and fuel rod seals i n  nuclear reactors and 

Pratt and Whi tney Aerospace je t  engines. 

An example is the shipment configuration 
~ 

External Fai ring 

I n  general, i t  i s  f e l t  t h a t  external heat  protection and aerodynamic fairing 

for the in-line bol ted j o i n t  concept are not necessary b u t  a design was developed 

t o  be available i f  required (figures 1 2  and 13). The  design consists of foam 

f i l l e r  for the pockets containing the n u t  (or b o l t  heads) covered by a layer of 

cork. 

are removed after t h e  foam has cured and the cork i s  bonded i n  place w i t h  epoxy 

adhesive (Hysol EA 934) .  

toward determining the need for the fairing and other methods of a p p l y i n g  i t ,  such 

a s  a spray-on foam system. 

Ins ta l la t ion  begins by casting EPLICON 300 foam i n  the pockets. The forms 

Future analysis and design effort should be directed 

Liner Seal 

The liner seal (figure 3 )  i s  composed of three elements: A soft NBR seal 

The materials func t ion  as compressed by a pair of rigid phenolic-silca rings. 

charring ablators when exposed t o  the heat o f  combustion. This design will 

prevent hot gas from reaching the steel SRB case i f  i g n i t i o n  occurs a t  ambient 

14 
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assembly temperature and a l lows i n s i g n i f i c a n t  leakage t o  the  case i f  i g n i t i o n  

occurs a t  lower temperatures. Backup thermal p r o t e c t i o n  i s  provided through the  

to r tuous  path t o  the  casing. 

The reason f o r  se lec t i ng  the  above concept i n  l i e u  o f  the  cu r ren t  NBR/putty 

design can be seen i n  f i g u r e  14. 

hypothe t ica l  NBR l i n e r  bonded t o  a steel case w i t h  a non- in ter ference b u t t  j o i n t .  

The dark l i n e s  represent the b u t t  j o i n t  con f i gu ra t i on  i f  the  temperature i s  

reduced approximately 7OOF. The dashed l i n e s  dep ic t  f u r t h e r  con t rac t i on  due t o  

pressure load ing  a f t e r  i g n i t i o n .  

n o t  prevent  gases from reaching the  SRB case. 

t h a t  the  gap from the proposed design would be very small when exposed t o  a 7OoF 

temperature drop. 

a f f e c t e d  by thermal cont ract ion;  approximately 86" f o r  the  C lev i  s-Tang Design 

because the  end i s  f ree  t o  move a t  t he  f i e l d  j o i n t  a l low ing  con t rac t i on  toward the  

fac to ry  j o i n t .  

accomplished by bonding the  f r e e  end o f  the NBR l i n e r  a t  the f i e l d  j o i n t  t o  a 

r i g i d  p h e n o l i c - s i l i c a  r i n g  t h a t  remains i n  place when subjected t o  temperature 

changes. 

318-inch. 

Figure 14a presents a s i m p l i f i e d  diagram o f  a 

It can be observed t h a t  t h i s  con f igu ra t i on  would 

I n  comparison, f i g u r e  14b ind i ca tes  

The dif ferences i n  the gap r e s u l t s  from the  NBR lengths 

Reduction o f  the  e f f e c t i v e  length  o f  the  proposed design was 

The r e s u l t i n g  NBR l eng th  w i th  a f r e e  end i n  the proposed design i s  

Considerable e f f o r t  was expended on concepts t h a t  requi red bonding the  NBR 

j o i n t  a t  assembly, b u t  they were u l t ima te l y  re jec ted  because v e r i f i c a t i o n  was no t  

possible. 

compression seal b u t  i t  was determined t h a t  thermal con t rac t i on  o f  the NBR would 

negate the  ef fects  o f  any p r a c t i c a l  preload. 

elastomer mater ia l  support ing the rocket motor g ra in  i s  no t  acceptable because the 

Consideration was a lso  given t o  modi f ied versions o f  the T i t a n  11-C 

Also, excessive pre loading on 
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compressed material would tend t o  deform inward (away from the SRB case) and 

stress the grain. Cracks i n  a rocket motor grain allow rapid flame penetration 

(eve.n i f  t i g h t l y  compressed) which would cause ho t  spots on the case i f  such a 

crack terminated a t  the liner. 

Consideration of t h e  above stated problems and requirements led t o  the 

conclusion t h a t  the internal liner seal must be a rigid entity t h a t  could seal 

w i t h o u t  exerting extraneous loads into the grain. 

Molded phenolic-silica was chosen fo r  the rigid rings because i t  has been 

used i n  the past as a charring ablator on LaRC reentry payloads and i s  currently 

i n  use i n  the Scout vehicle Algol rocket motor nozzles. Addit ional  design, 

analysis and testing wi l l  be required to  select a reliable method t o  bond the 

rings t o  the steel SRB case. The bonding system must be pliable enough t o  resist 

prelaunch temperature changes and yet rigid enough t o  prevent applying stresses t o  

the grain. 

between the steel SRB case and the phenolic-silica ring. F i n a l  machining of the 

rings would be performed a f t e r  bonding i s  completed. 

One system t h a t  should be considered i s  a t h i n  layer of NBR bonded 

Low durometer hardness NBR is the primary candidate  for the compression seal 

b u t  a new compound must be developed t h a t  reduces the hardness w i t h o u t  the addi -  

t ion of volatiles. Other elastomers must also be considered t h a t  are soft and 

possess thermal properties equivalent to  the NBR liner material now i n  use. 

f e l t  t h a t  this system offers s igni f icant  advantages over the current liner and 

development woul d not entaf 1 h i g h  risk. 

I t  i s  

Materi a1 s 

The materials required for the in-line bolted j o i n t  are commercially 

available and a l l  b u t  two are STS qualified. Molded phenolic-silca i s  n o t  known 
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t o  be used on the STS b u t  is used i n  the Scout Algol rocket motor nozzle. The 

s o f t  NBR seal will have t o  be compounded for  use i n  this application. A l i s t  of  

the intended materi a1 s fol lows: 

o Casing - 
o S tud  - 
o N u t  - 
o "0" Ring - 
o "C" Ring - 
o Liner seal - 
o Liner seal supports - 
o External f i l l e r  - 
o External Fairing - 
o Epoxy Adhesive - 

Tab1 e 7 summarizes s t ructural ,  thermal 

materi a1 s . 

D6AC 

MP35N 

Inconel 718 

V i  ton 

Inconel 718 

NBR elastomer 

Molded phenol ic-si1 ica 

EPLICON 300 foam 

Cork 

HySOl EA-934 

and other properties of the primary 

THERMAL ANALYSIS 

T h e  primary objective of the thermal design i s  preventing excessive 

temperature a t  the seals. 

and without gaps i n  the insulation. O f  secondary concern was heat transfer to the 

outside of the jo in t  from aerodynamic heating. Because the design for the outside 

of the jo in t  is similar to  the existing (51L) design, the temperature history is 

expected to  be the same as that  predicted by T h i o k n l .  These temperature 

Heat transfer analyses were performed for cases w i t h  

predi c t i  ons indicate that  aerodynami c heating i s  not a problem. 
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A transient temperature distribution i n  the j o i n t  during motor firing was 

calculated for two configurations. In the f i r s t  case, the insulation was assumed 

t o  be sealed a t  the interface. No h o t  gases would be allowed t o  reach the flange 

seals. The second case assumes a l / l O - i n c h  wide gap a t  the insulation interface. 

Unsteadiness i n  the flow and the acoustic pressure osc i l l a t ions  were assumed 

t o  cause h o t  gas mixing  i n  the gap, providing a mechanism for hot gases t o  reach 

the seals. Only half  o f  the actual thickness of the insulation was included i n  

the models, al lowing f o r  possible degradation of the l i n i n g  during firing. 

insulation was assumed a t  the exterior of the j o i n t .  

Cork 

A coarse overall thermal model of the j o i n t  ( f igure  15) was used t o  calculate 

the temperature d i s t r i b u t i o n  for the sealed insulation case. The calculations 

were performed using a lumped parameter, finite difference code (MITAS-11). The  

solution routine was a transient, imp1 i c i t  forward-backward differencing 

algori thm. 

on the case is  15OOF. This is  well w i t h i n  the limits of the structure and seals. 

Results show t h a t  after two minutes o f  firing, the maximum temperature 

For the open gap case, the following approach was used t o  approximate gas 

mix ing  i n  the gap. 

i n  the gap. Because the gas mix ing  is  expected t o  take place primarily near the 

gap opening, an exponential variation o f  mixing  velocity versus p a t h  length i n t o  

the gap was assumed. The equation V = A exp(-Bx) was used, f o r  w h i c h  the 

constants were evaluated a t  the gap and a p o i n t  l/2-inch i n t o  the gap. 

entrance velocity i s  150 ft/sec. which  was derived from using an experimental SRB 

A pressure of 2 PSI. A compression velocity a t  the p o i n t  1/2- inch inside the gap 

was calculated for the volume change of the gas due t o  the pressure oscillations. 

Cases were run fo r  the 1 /2 - inch  depth velocity being 10 and 100 times this 

The assumption was made t h a t  there i s  no circumferential flow 

The gap 
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compression v e l o c i t y  . The gas temperature r e s u l t s  versus path length  f o r  these 

cases are shown i n  f i g u r e  16. For both cases, the  temperature o f  the gas i n  the  

gap a t  depths greater  than 1.25 inches i s  no t  in f luenced by the  mix ing v e l o c i t i e s  

assumed a t  the  gap entrance, b u t  i s  dominated by conduction. These r e s u l t s  are 

f e l t  t o  be conservat ive and appear consis tent  with data generated by Thiokol 

(Thiokol  seventy pound motor t e s t  #TS001A, 5-3-86), b u t  are obviously only a f i r s t  

approximation t o  a very complex problem. 

A d e t a i l e d  f i n i t e  d i f f e rence  model o f  the f lange and the  seals i n  the  

v i c i n i t y  of the  gap was used t o  determine temperatures f o r  the  above case ( f i g u r e  

17). The i n s u l a t i o n  i s  assumed t o  have a l / l 0 - i n c h  gap w i t h  a path length  o f  

1.5-inch. 

poss ib le  gap openings can be he ld  w i th in  t h i s  tolerance. The maximum temperature 

on the face o f  the j o i n t  i s  301OF ( f i g u r e  18). 

seal i s  275 O F .  These temperatures occur a f t e r  120 seconds o f  f i r i n g .  

Because the pheno l i c -s i l i ca  i n s e r t  i s  r i g i d ,  i t  i s  f e l t  t h a t  any 

The maximum temperature a t  the  

The p o s s i b i l i t y  o f  developing a leak c a v i t y  between the  l i n e r  seal and "0" 

r i n g  seal dur ing f i r i n g  was no t  considered i n  the  thermal analysis.  The insu la -  

t i o n  was assumed t o  have e i t h e r  a pe r fec t  seal o r  gaps e x i s t i n g  f r o m  the t ime o f  

i g n i t i o n .  If a leak develops through the i n s u l a t i o n  dur ing f i r i n g ,  hot  gases w i l l  

f l ow u n t i l  the  pressure on both sides o f  the  i n s u l a t i o n  i s  equal. 

design, the  volume o f  gas between the  i n s u l a t i o n  and seals i s  minimized. This, i n  

turn,  minimizes the  time i t  would take f o r  the pressure t o  equal ize i n  such an 

event. It i s  expected t h a t  the pressure would equal ize and ho t  gases cease t o  

f low before  damage t o  the seals could r e s u l t .  

I n  the  j o i n t  

19 



In  summary, the thermal analysis shows t h a t  the joint remains a t  very low 

temperatures throughout SRB firing i f  ho t  gases are prevented from reaching the 

seals. I f  a gap i n  the insulation is present, the mixing  of h o t  gases i n t o  t h a t  

gap occurs primarily near the opening. The s t agnan t  gas i n  the remainder of the 

gap acts as  insulation. Thus, the j o i n t  may s t i l l  be kept a t  low temperatures by 

providing a long path l e n g t h  through the insulation. 

STRUCTURAL ANALYSIS 

Included i n  t h i s  sect on i s  a description and the results of the design mode 

used t o  develop the basic in-line bol ted  j o i n t  concept, and a description and 

summary of a detailed finite-element analysis of this concept. 

The key t o  t h i s  concept being effective i n  sealing the j o i n t  i s  the inward 

offset of the studs from the casing wall. With the centerline of the studs being 

located r a d i a l l y  inward of the casing's mid-surface, a moment ( a  couple i s  

created by the casing's axial  load and the b o l t  load)  i s  induced  which  tends t o  

rotate the flange so as t o  close or seal the j o i n t .  

teracts the pressure loadings w h i c h  tend t o  open the j o i n t .  

This moment more t h a n  coun- 

For the usual b o l t e d  

exterior flange design, the axia l  load, as well as the pressure load,  tend t o  open 

the  j o i n t  i n  the seal region. 

load can be utilized to ac tua l ly  close the j o i n t .  

However, hy locating the studs inboard, the axia l  

Simplified Model 

In order to  perform the preliminary sizing of an a1 ternate SRB j o i n t ,  a two- 

dimensional simplified j o i n t  model was developed t o  evaluate four b o l t  sizes 

(1.00", 1.125", 1.25", 1.375") and t o  determine the number of bolts needed. 

Design constraints considered were: 
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o External  loads (see loads section, page 8)  

- 18 m i l l i o n  pounds a x i a l  force (To) 

- 1000 p s i  i n t e r n a l  pressure (p)  

o B o l t  and n u t  parameters 

- s t rength  

- geometry 

o Casing geometry 

- 146.1" outs ide diameter (Ro = 73.05") 

- 0.479" s h e l l  thickness ( t  = 0.479") 

The two-dimensional j o i n t  design model ( f i g u r e  191, was developed t o  assess 

t h e  fo rce  and moment equ i l i b r i um o f  a one-bolt segment o f  the  j o i n t  by considering: 

t he  ex terna l  s h e l l  loads, b o l t  preload, and l o c a t i o n  and r e s u l t a n t  o f  the  bear ing 

fo rce  r e s u l t a n t  load. 

e q u i l i b r i u m  was necessary only i n  t h e  a x i a l  d i rec t i on .  The forces around the  

c i r cumfe ren t ia l  d i r e c t i o n  were assumed, f o r  design purposes, t o  uncouple from the  

a x i a l  d i rec t i on .  By f i x i n g  the  outside rad ius  and thickness o f  the  casing and 

working w i t h  the  nu t  geometry ( t a b l e  8) f o r  t he  four  b o l t  sizes, the  center  o f  the  

b o l t ,  Rb and ins ide  radius, R i ,  can be determined ( t a b l e  9). The r e s u l t s  o f  t h i s  

model de f  i ned the  j o i  n t  conf i g u r a t i  on. 

Because o f  t h e  two-dimensional nature o f  the  model, 

The pressure s h e l l  loads are ca lcu la ted  by assuming t h a t  the she l l  i s  

completely f i x e d  a t  one boundary ( z  = 2 ) .  

f i f t y  percent  of the r e s u l t i n g  reaction was assumed t o  be app l ied  a t  z = 2 (equal 

t o  4.5 t imes the  nu t  he igh t )  as shown on f i g u r e  19. These loads are sumnarized i n  

Since the  j o i n t  i s  no t  r i g i d ,  on ly  

t a b l e  10. 

The minimum number 

assuming t h a t  each b o l t  

o f  b o l t s  requi red fo r  a j o i n t  concept was determined by 

was preloaded t o  70 percent o f  the u l t i m a t e  s t rength  and 
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exac t ly  balanced the  app l ied  a x i a l  l oad  To. To g ive  a margin o f  safety, the  t o t a l  

number o f  b o l t s  requi red was taken t o  be 1.5 t imes the minimum number requ i red  t o  

balance the  axial load  To. This  means t h a t  each b o l t  w i l l  preloaded t o  a value 

approximately 50 percent g rea ter  than the  expected appl i e d  a x i a l  l oad  per bo1 t. 

Table 11 i s  a summary o f  t he  number o f  bo1 t s  requ i red  f o r  each o f  the bo1 t s izes 

considered. 

Having determined the  number o f  b o l t s  and the  magnitude and l o c a t i o n  o f  the  

design loads, t he  free-body diagram, f i g u r e  19, can be used t o  determine the  

c e n t r o i d  o f  the bearing react ion.  I t  i s  assumed t h a t  the pressure load p i s  taken 

o u t  by the c i rcumferent ia l  s t i f f n e s s  o f  the  s h e l l  and flange. Also, the  a x i a l  

component o f  pressure l oad  i s  assumed t o  be neg l i g ib le .  

A x i a l  force equ i l ib r ium f o r  a segment y i e l d s  

F r  = P 1  - T (1 )  

where F r  i s  the bearing react ion,  P i  i s  the b o l t  preload, and T i s  the appl ied 

a x i a l  load  per bo1 t. 

Moment equ i l ib r ium about the center  o f  the b o l t  a t  the  i n t e r f a c e  

f o r  a segment y i e l d s  

I n  the above formula, the  quan t i t y  "a" i s  the l o c a t i o n  o f  the  center  o f  the 

bear ing reac t i on  (see f i g u r e  191, Ro i s  the  outs ide rad ius  o f  casing, t i s  the 

cas ing 's  wa l l  thickness, Rb i s  the  rad ius o f  the  b o l t  cen te r l i ne ,  and Q and M are 

the  shear and moment, respect ive ly ,  ac t i ng  a t  z = z. 

The loads Q, M, and T (see f i g u r e  19) t h a t  are used i n  equations (1 )  and ( 2 )  

a re  the  forces and moments per  segment based on t he  spacing i nd i ca ted  i n  tab le  11. 

I n  order f o r  the j o i n t  t o  mainta in  compression, t he  bear ing reac t i on  i n  equation 

(1 )  must be p o s i t i v e ,  since the i n t e r f a c e  can no t  support a t e n s i l e  react ion.  
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Also,  i t  is preferred t h a t  the location, a, of the bearing reaction, Fr, be 

positive (toward the centerline) t o  ensure t h a t  the j o i n t  is  i n  compression i n  

the seal region. Table 12 summarizes the location and magnitude of the bearing 

reaction for  the four bolt sizes considered. The larger the value of 'la", the 

closer the center of the bearing reaction will be t o  the O-ring seal region. 

Other geometry considerations are the weiaht and web thickness. The j o i n t  

weight can be estimated by approximating the j o i n t  segments as simple shapes, 

computing volumes, and u s i n g  a weight density of 0.283 l b / i n 3 *  These weight 

estimates are not  intended t o  be exact b u t  are only t o  be used t o  assess one 

design aga ins t  the other. The nominal web thickness i s  estimated by computing 

the mean chord length of a segment and subtracting o u t  one n u t  diameter and .32" 

f o r  f i l l e t s .  For web stress calculations, the web area i s  then approximated by 

multiplying the web thickness by one n u t  diameter. 

the j o i n t  and transmit the axial  load across the j o i n t .  

weight and web area calculations are given i n  table 13. 

areas t o  be insufficient for b o l t  diameters o f  1.00" and 1.125". 

T h i s  area is  used t o  stiffen 

The results of the 

The table shows the web 

T h i s  design study indicates t h a t  a good 

b o l t s ,  which is the design analyzed in detai 

sion was reached since the 1.25" bolt  design 

design (by comparison, 18 percent less) and 

t h a n  for the other b o l t  designs. 

design candidate would be 144-1.25" 

i n  the next section. T h i s  conclu- 

w 4  - h s  less t h a n  the 1.375'' bo1 t 

he net bearing reaction i s  larger 

F i n i  te-Element Analysis 

The approximate analysis us ing  the simplified model of figure 19 led t o  a 

configuration for further study u s i n g  the finite-element approach. T h i s  section 

presents and discusses the f i n i  te-element model, the boundary conditions, 

applied loadings,  stresses, and joint  opening. 
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Model Descript ion. - I n  order  t o  assess the response of t he  j o i n t  t o  the  

app l i ed  loading, the f in i te -e lement  model shown i n  f i g u r e  20 was developed. To 

take maximum advantage of symmetry, a 1.25 degree wedge was used (about 1.59 

inches o f  a rc ) ,  which represents exac t ly  1/2 o f  a b o l t e d  segment. I n  the  

v e r t i c a l  d i rec t i on ,  a 28-inch long segment o f  the  j o i n t  reg ion beginning a t  the  

f lange i n t e r f a c e  was modeled. The 28-inch v e r t i c a l  he igh t  was chosen so t h a t  

the  top o f  the  model was s u f f i c i e n t l y  f a r  from the  f lange t o  n o t  be in f luenced 

by the  presence o f  the  j o i n t  boundary condit ions. 

The primary components of the model are the  she l l ,  web, f lange, and the  

b o l t  and n u t  assembly. A summary of model's features i s  given below: 

o 524 nodes 

o 3 t rans la t i ona l  degrees o f  freedom per  node 

o 348 elements cons is t i ng  of: 

- 220 eight-node b r i c k  elements 

- 44 six-node wedge elements 

- 84 four-node membrane elements 

Boundary Conditions. - Boundary condi t ions used i n  the ana lys is  are shown i n  

f i g u r e  20. 

1.25- degree faces such t h a t  no displacement could occur i n  the c i rcumferent ia l  

d i r e c t i o n  a t  these nodes. The b o l t  nodes a t  the f lange i n t e r f a c e  were 

const ra ined i n  the  ax ia l  d i  rec t ion .  

Symmetry condi t ions were imposed on both the  zero degree and the  

Since nodes a t  the f lange i n t e r f a c e  must be f ree  t o  l i f t  o f f  the  contac t  

surface b u t  are constrained i n  the  opposite (bear ing)  d i r e c t i o n  due t o  symmetry, 

an i t e r a t i v e  approach was u t i l i z e d  t o  insure  t h i s  cond i t i on  was met. 

the  i n t e r f a c e  had t o  be capable of support ing bear ing loads, b u t  could no t  

Nodes a t  
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resist tensile forces. To achieve this requirement for a given load case, 

f i n i  te-el ement runs were repeated w i  t h  ax i  a1 boundary condi t i  ons a t  the 

interface systematically changed u n t i l  only compressive reactions existed and 

nodes not i n  compression were free to  l i f t  off of the contact surface. 

Applied Loads. - A 204,400 l b  preload, as discussed i n  the l a s t  section, was 

applied t o  the bolt. The  preload was i n p u t  into the model by enforcing an 

i n i t i a l  s t ra in  condition on the shank section of the bolt. T h i s  preload was 

verified by summing reactions of the b o l t  nodes a t  the flange interface, i n  the 

absence of a l l  other loadings. 

After a converged solution for the SRB ignition load case was effected, the 

bol t  reactions were integrated and found to  be 176,300 l b ,  which is  approximately 

a 14 percent reduction i n  the applied preload. 

contradi c t  an expected increase i n  t h e  appl i ed preload. 

the f i n i  te-el ement di  spl acement resul t s  revealed t h a t  t h i s  bo1 t u n l  oadi ng pheno- 

menon was due to  a Poisson ef fec t  t h a t  thinned the flange as  i t  was displaced 

outward i n  the radial direction; t h i s  effect  i s  shown i n  figure 21. The f a r  

T h i s  f i n d i n g  appeared to  

Further evaluation of 

r i g h t  vertical l i ne  should represent the equilibrium position for the bolt- 

flange coupled s t i f fness  under a fixed applied axial load (neglecting any 

Poisson ef fec ts ) .  

preloaded value. 

causes a .002" t h i n n i n g ,  the flange stiffness curve i s  shifted to the l e f t  the 

same amount which does resul t  i n  the 14 percent reduction i n  the b o l t  load due 

For this case, the bolt  load does increase above the 

However, since the flange i s  displaced out r a d i a l l y ,  which 

. t o  the strain reduction i n  the b o l t .  

T h e  external loads (see loads section, page 8) applied to the model were a s  

f 01 1 ow s : 
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I n te rna l  Pressure: 1000 p s i  

A x i a l  Load: 18 x 106 l b  

The a x i a l  l o a d  includes t h e  e f fec t  o f  a bending moment o f  95.1 x 106 

in-1b* The load, Tb, a t t r i b u t e d  t o  the  bending moment was taken t o  be the  load 

r e s u l t i n g  from t h e  bending s t ress  i f  i t  were uniform around the  e n t i r e  

circumference, i.e., 

Tb = (M R / I )  ( 2 r R  t )  = 2 M/R = 2.6 x 106 l b  

where: M = bending moment 

R = rad ius o f  cy1 inder  

t = w a l l  thickness 

I = cross-section moment o f  i n e r t i a  

It i s  noted t h a t  combining the  a x i a l  l oad  associated w i t h  the pressure o f  

1000 p s i  w i t h  the  above load o f  2.6 x 106 1 b does g ive  a t o t a l  l o a d  i n  excess o f  

18.0 x lo6 l b .  However, reference 1 s ta tes  t h a t  the  maximum combined a x i a l  load  

( i n c l u d i n g  t h e  bending moment e f f e c t )  f o r  any j o i n t  a t  any t ime i s  17.8 x 106 l b .  

Th is  apparent discrepancy i s  thought t o  be due t o  the  reference inc lud ing  a 

compressive load ing  due t o  t h rus t .  Hence, a t o t a l  equ iva len t  a x i a l  load  of 

18 x 106 l b  was chosen f o r  the f in i te -e lement  analysis. 

The a x i a l  l o a d  was app l ied  t o  the model as an equ iva len t  a x i a l  s t ress of 

81,609 p s i  (i.e., 18 x 106 l bs /2  r R t ) .  

t h e  worst  case from a s t ress  standpoint was chosen f o r  documentation. 

there  are load cases t h a t  can r e s u l t  i n  a l a r g e r  gap a t  the  i n s i d e  edge of flange. 

L i m i t s  on the  gap due t o  these load  cases are discussed i n  the r e s u l t s  section. 

As s ta ted  i n  the  l oad  sec t ion  on page 8, 

However, 
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In  a d d i t i o n  t o  the internal pressure and a x i a l  l oads ,  a vertical fo rce ,  due 

t o  the seals, of 500 l b / i n  was appl ied  across the i n s i d e  edge of the f l a n g e  

i n t e r f a c e  by applying an equ iva len t  pressure on the inner row of elements on the 

f 1 ange bottom. 

A l l  pressure and stress loads  were app l i ed  t o  the model as element 

pressures a c t i n g  on four-node membrane el ements over1 ayed on the appropr i a t e  

s o l i d  elements. A graphic  representa t ion  of the loads i s  displayed i n  f i g u r e  22. 

Model Verification.- As a means of ve r i fy ing  the f i n i t e  element model, 

displacement  and stress results i n  t he  f a r - f i e l d  region of the model were 

compared w i t h  c l a s s i c a l  thin-shell theory. These results a r e  summarized i n  

t a b l e  14. 

Results.- Results of the f in i te -e lements  a n a l y s i s  a r e  presented below, and 

inc lude  the f o l l  owi ng: 

o deformed geometry 

o displacement contours ( f o o t p r i n t )  o f  the f l ange  

o nodal a x i a l  stress contours 

o nodal c i rcumferent ia l  stress contours  

F igu re  23 shows the exaggerated deformation of  the model under the app l i ed  

1 oadi ng. Radi a1 di spl acements a r e  a s  fo l1  ows: 

o 0.314 inches a t  the top of the inodel 

o 0.308 inches a t  the f l ange  i n t e r f a c e  

o 0.156 inches a t  a height  of 11.66 inches above the f l ange  i n t e r f a c e  

F igure  24 shows the vertical displacement pattern on the bottom of the 

f lange .  

0.0010 i n c h  which  represents a 0.0020 inch t o t a l  gap. 

The  maximum displacement on the i n s i d e  edge of  the f lange  i n t e r f a c e  i s  

The  maximum displacement 
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on the outside edge of the f lange  is 0.0044 i n c h ,  r ep resen t ing  a t o t a l  gap of 

0.0088 i n c h .  

While the loading condi t ion  analyzed i n  this r e p o r t  produces the h i g h e s t  

stresses i t  does no t  necessa r i ly  produce the l a r g e s t  inside edge gap. 

Therefore ,  an at tempt  was made t o  e s t a b l i s h  reasonable  limits f o r  the gap t h a t  

would cover a l l  poss ib le  loading condi t ions .  

ranges on i n t e r n a l  pressure and ax ia l  f o r c e  were determined. The maximum 

expected ope ra t ing  pressure f o r  the SRB i s  1000 psi. In genera l ,  the ax ia l  load 

c o n s i s t s  of the t e n s i l e  load caused by the i n t e r n a l  pressure (PnRZ type o f  

l oad ing) ,  compressive loading due t o  thrust, and tensile o r  compressive loading 

due t o  the bending moment. 

due t o  thrust t o  be 3.5 x 106 and the maximum bending moment, a s  noted earlier, 

from reference 1 is 95.1 x 106 i n - l b .  

In o rde r  t o  do this, maximum 

Reference 2 gives  the maximum compressive loading  

The  equ iva len t  axial  load,  Tb, a s soc ia t ed  w i t h  the bending  moment is: 

Tb = (M R/I) (27FR t) = 2 M/R = + 2.6 x 106 l b  - 
Given a pressure and the information above, l imits on the a x i a l  load a t  t h a t  

pressure can be determined by the fol lowing equat ion:  

Axial load = PnR2 - thrust load + bending load - 
An upper l imit  on the ax ia l  load, a t  a g iven  pressure, would occur w i t h  

m i n i m u m  thrust and the  maximum tensile load due t o  bend ing ,  i .e.,  

Maximum ax ia l  load = PnR2 - 0 + 2.6 x 106 l b  

S imi l a r ly ,  a lower limit on t h e  ax ia l  load would occur w i t h  maximum thrust 

and the maximum compressive load due t o  bending ,  i.e., 

Minimum ax ia l  load = PnR2 - 3.5 x 106 - 2.6 x lo6 l b  
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These l i m i t s  def ine an envelope wherein a l l  load ing  cond i t ions  must f a l l .  

Several f i n i t e  element runs were made t o  determine the  i n s i d e  edge gap a t  

var ious boundary p o i n t s  on t h i s  envelope us ing the  maximum i n t e r n a l  pressure o f  

1000 p s i  and a lso  a t  the pressure corresponding t o  the maximum Q condi t ion,  

which i s  610 psi .  

The r e s u l t s  o f  t h i s  analys is  showed t h a t  the loading which produced the  

worst  gap occurred a t  the maximum pressure and minimum a x i a l  load  (1000 p s i  

pressure and 10.6 x 106 l b  a x i a l  load) .  

i n s i d e  edge gap remained l e s s  than 0.0035 inches. 

Under these cond i t ions  the  t o t a l  

F igure  25 shows contours for  the surface nodal s t ress  i n  the  a x i a l  

d i r e c t i o n  viewing t h e  outs ide o f  the  shel l .  The maximum s t ress  i s  seen t o  occur 

i n  a l o c a l i z e d  reg ion o f  the web. This i s  p r i m a r i l y  due t o  the  p o r t i o n  o f  the 

a x i a l  s h e l l  load  being t ransmi t ted  down the web. 

F igure  26 shows the a x i a l  nodal stress contours viewing the  i n s i d e  o f  the 

s h e l l .  The area o f  maximum s t ress  i s  i n  the  region o f  h ighest  bending. 

F igures 27 and 28 show two views o f  the  c i rcumferent ia l  nodal s t ress  

contours. 

t h e  hol  e. 

The maximum s t ress  i s  a stress concentrat ion occur r ing  a t  the edge o f  

It should be emphasized t h a t  p o s i t i v e  margins o f  safety  e x i s t  everywhere 

Nodal s t ress  r e s u l t s  f o r  these except i n  a few l o c a l l y  concentrated regions. 

concentrated s t ress  po in ts  are summarized i n  t a b l e  15. 

Discussion 

While the the proposed design attempts t o  minimize the  gap a t  the  f lange 

in te r face ,  i t  does produce some regions w i t h  l o c a l l y  high stresses. Throughout 

t h e  ana lys is  program, parametric studies were performed t h a t  suggest these h igh 
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s t r e s s  areas can be t a i l o r e d  t o  y i e l d  acceptable stresses. There does, however, 

seem t o  be a consistent t rade-o f f  between st ress l e v e l s  and gap size. For 

example, moving the b o l t  c i r c l e  outward reduced the stresses somewhat b u t  

r e s u l t e d  i n  a l a r g e r  gap. Another model, i n  which the t r a n s i t i o n  reg ion was 

lengthened, r e s u l t e d  i n  s i g n i f i c a n t l y  reduced stresses, b u t  a1 so created a 

l a r g e r  gap. 

s h e l l  th ickness l o c a l l y ,  i n  the  region o f  the h ighest  bending, b u t  a t  the 

expense o f  increas ing weight. 

Reduced stresses and gap openings can be achieved by inc reas ing  the  

Based on the  various analys is  resu l ts ,  i n  order t o  minimize the gap, the 

s h e l l  t r a n s i t i o n  needs t o  be as sharp as poss ib le  so t h a t  a l a r g e r  percentage o f  

t h e  a x i a l  load  i s  t ransmit ted down the outer  p o r t i o n  o f  the web. The l a r g e r  the 

fo rce  t ransmi t ted  down the ou ter  edge of the  web, the smal ler  the  force 

t ransmi t ted down the she l l  t o  the  i n s i d e  edge o f  the f lange. This  w i l l  develop 

a l a r g e r  bending moment across the  flange, r e s u l t i n g  i n  a tendency t o  c lose the 

gap. By t a i l o r i n g  the thickness o f  the she l l ,  web, and f lange, a model meeting 

a l l  c r i t e r i a  f o r  stress, gap, and weight should be possible.  

It i s  noted t h a t  recent p re l im inary  r e s u l t s  from analyses o f  v a r i a t i o n s  o f  

t h i s  design show s i  gni f i cant reduct ions i n  stresses and essent i  a1 l y  zero gap 

(compression) over the e n t i  r e  0 - r i  ng seal i ng region. 

AERODYNAMIC DRAG ANALYSIS 

The design o f  the new f i e l d  j o i n t  does no t  a l low the j o i n t  t o  extend beyond 

t h e  SRB surface. Thus c o n t r i b u t i o n  t o  the o v e r a l l  drag load w i l l  approach zero. 

The e x i s t i n g  SRB f i e l d  j o i n t  includes a step pro t rud ing  approximately 0.88 inch  
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i n to  the free stream. The drag load on this existing step d u r i n g  a Shuttle 

launch was computed by the equation 

D = [ ( r  + H)*-r2] (Pf-pb)  

where r i s  the SRB radius,  H the step height, Pf  the face pressure (windward), 

and Pb the base pressure (leeward). 

The face pressure (windward) was computed using empirical da ta  of the 

pressure a t  a raised step w i t h i n  a boundary layer referenced to  free stream 

conditions (ref.  6) .  The base pressure (leeward) was computed from a correlation 

of the local u n i t  Reynolds number w i t h  a characteristic length based on the 

boundary layer thickness and the step height. 

field j o i n t  is based on pressure disturbances from a raised step w i t h i n  a 

boundary layer. For the f i r s t  f i e ld  j o i n t  step located 50 feet from the leading 

edge the drag was computed to  be 2286 l b f  based on a face pressure of 825.3 psfa 

and a base pressure of 15.28 psfa. 

T h u s  the drag on the existing 

For instance, a t  the maximum dynamic pressure of 650 psfa, the 

corresponding free stream conditions were (1 oca1 conditions were not avai 1 able) : 

M 

P 

T 

1-I 

P 

V 

Re, 

1.42 

458.57 psfa 

392.1°R 

9.03 x 10-6 lbm/ft-sec 

.021 lbm/ft3 

2378.3 fps 

3.2 x 106 ft-1 
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where M was t h e  Mach number, P t h e  pressure, T t h e  temperature, 1~. the  v iscos i ty ,  

P t h e  densi ty,  V the v e l o c i t y  and Rec the  Reynold's number per  foot .  Assuming 

f l a t  p l a t e  analysis,  and t h a t  the l o c a l  cond i t ions  were equal t o  the  f r e e  stream 

condi t ions;  f o r  the f i r s t  f i e  d j o i n t  step o f  the e x i s t i n g  SRB loca ted  50 f e e t  

from the  lead ing  edge, the face pressure was 825.4 psfa and the  base pressure 

was 15.28 psfa. Therefore, the drag was 2286 l b f  where r = 73.071 inches. 

MANUFACTURING 

The SRB cases are made o f  D6AC carbon s tee l  and are forged i n t o  the 

segmented conf igurat ions requi red by the design. These forg ings conta in  no 

welds t o  assure t h a t  the  f u l l  s t rength o f  the mater ia l  i s  u t i l i z e d .  A f t e r  rough 

machining they are heat t rea ted  t o  a minimum y i e l d  s t rength o f  180,000 ps 

an u l t i m a t e  o f  195,000 ps i .  The f r a c t u r e  toughness values ranged from 90 

k s i  inch. These forgings are produced by the Ladish Company i n  Cudahy, W 

I n  order t o  convert  from the  c u r r e n t  c lev is - tang conf igura t ion  on a l l  the 

and 

t o  100 

sconsin. 

SRB 

segments except the two end c losure hemispherical domes, three fo rg ing  d ies must 

be remade. 

one o f  the l a r g e r  US s tee l  companies. 

be made from the  present s ize  ingots  which weigh about 32,000 pounds. 

f i c a n t  amount o f  r e t o o l i n g  and setup i s  requi red i n  order t o  f a b r i c a t e  the new 

cases. However, these are p a r a l l e l  e f f o r t s  and would be accomplished dur ing the 

same calendar period. One add i t iona l  machining operat ion on the case segments 

would be requ i red  t o  rough machine the pockets i n  the  f langes t h a t  j o i n  the two 

segments together. 

Wisconsin, o r  a t  the prime machining cont rac tor ' s  p l a n t  p r i o r  t o  f i n a l  heat 

Each o f  these d ies are made from a 100,000 pound i n g o t  suppl ied by 

The proposed SRB f langed motor cases can 

A s i g n i -  

This could be done a t  the Ladish f a c i l i t y  i n  Cudahy, 
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treatment. An i n i t i a l  fo rg ing  production of three motor case segments would be 

made t o  check the  design and manufacturing process. 

No changes i n  the  e x i s t i n g  heat  treatment would be requ i red  s ince t h e  

th ickness o f  the  rough machined fo rg ing  segments on the  end are  no grea ter  than 

t h e  e x i s t i n g  design. 

requ i red  a t  t he  f i n i  sh machining cont rac tor ' s  p l  ant. 

mandrel would have t o  be fabr icated,  some new handl ing f i x t u r e s  and a setup t o  

d r i l l  t h e  f langes from the  ends as opposed t o  d r i l l i n g  from t h e  sides. Also a 

l a r g e  f i v e  ax i s  m i l l i n g  machine would be requ i red  t o  machine the pockets i n  the  

f 1 anges a f t e r  f i nal heat treatment. 

Some r e t o o l i n g  and re-setup o f  e x i s t i n g  t o o l i n g  would be 

An i n t e r n a l  expandi ng 

QUALIFICATION TESTING 

A comprehensive q u a l i f i c a t i o n  t e s t  program i s  needed t o  assure t h a t  

poss ib le  hidden f laws i n  the  i n - l i n e  bo l ted  j o i n t  design ( o r  any o ther  concept) 

a re  i d e n t i f i e d  before f l i g h t .  A pre l iminary bas is  f o r  such a t e s t  program was 

developed. 

establ ishment o f  c r i t e r i a  and (2) d e f i n i t i o n  of s p e c i f i c  tes ts .  

reasons, and phase descr ip t ions  are presented below. The ob jec t i ve  i s  t o  de f i ne  

a se r ies  of t e s t s  and support ing analys is  by which a l l  STS components a f fec ted  

by the  SRB f i e l d  j o i n t  redesign are fu l ly  q u a l i f i e d  f o r  manned f l i g h t .  

environment should be such t h a t  t he  SRB imposes no add i t i ona l  cons t ra in t s  t o  

launch. 

- 

A two-phased approach t o  tes t i ng  was determined t o  be des i rab le:  (1) 

The ob jec t ive ,  

The t e s t  

Two reasons stand o u t  t o  d i c t a t e  an a l l  encompassing t e s t  plan: 

The number of t e s t s  w i l l  no t  be l a rge  enough t o  es tab l i sh  a 

s t a t i s t i c a l  data base. 
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- A l l  f a c t o r s  and environments cannot be simulated i n  each test  so 

des ign  i n t e g r i t y  during q u a l i f i c a t i o n  t e s t i n g  is  necessary b u t  not  

s u f f i c i e n t .  

The above reasons demand s t rong  i n t e r a c t i o n  between re 

predictive a n a l y s i s  and sub-scal e and fu l l  - s c a l e  testi ng t o  

condi t i  ons not  simulated never become problems. 

q u a l i f i c a t i o n  cr i ter ia  f o r  the redesign follows: 

A p a r t i  a1 

(1) 

( 2 )  Seat ing  p r io r  t o  i g n i t i o n  

( 3 )  No O-ring damage during assembly 

(4) No O-r ing  e r ros ion  

(5) Load sequencing 

( 6 )  Redundant s ea l ing  

( 7 )  I n s t a l  1 a t ion  v e r i f i a b l e  

( 8 )  Reuse of motor case  

(9) Seal must not leak 

(10) Retent ion of s e a l i n g  d u r i n g  i g n i t i o n  

(11) Allowable i n i t i a l  gap bounds 

(12) Allowable final gap bounds 

(13) Allowable maximum temperature range a t  O-rings 

(14) Allowable c i rcumferent ia l  flow a t  sea l  

(15) Functional p r e d i c t a b i l i t y  of j o i n t  

S t r u c t u r a l  s t r e n g t h  w i t h  140% of  expected load  

uirements, 

a s s u r e  t h a t  

i s t  of  Phase I 

Criteria (10) through ( 1 5 )  a r e  t o  be determined through developmenta 

a n a l y s i s .  

tests and 
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I n  add i t ion ,  developmental t e s t s  and analyses are requ i red  f o r  e a r l y  

determinat ion o f  redesign q u a l i f i c a t i o n  p r i o r  t o  committ ing t o  f u l l - s c a l e  qual i- 

f i c a t i o n  t e s t  hardware. The approach to  e s t a b l i s h  t h e  q u a l i f i c a t i o n  c r i t e r i a  

f o r  items 11 - 15 are presented on tab le 16. A phase I 1  t e s t  o u t l i n e  w i t h  

accompanying ob jec t i ves  and descript ions, i s  contained i n  t a b l e  17. 

ASSEMBLY FIXTURES 

Assembly of the  SRB case segments w i l l  always be a problem due t o  out-of- 

roundness of the  mating surfaces. This problem w i l l  be inherent  i n  any design 

because of t he  thinness o f  the  pressure s h e l l  and f langes r e l a t i v e  t o  the  

diameter. Assembly requirements were s tud ied i n  d e t a i l  and a s o l u t i o n  was 

developed t h a t  w i l l  assure safe assembly o f  the i n - l i n e  b o l t e d  j o i n t  concept. 

Th i s  sec t ion  describes the  pre l im inary  design o f  an assembly f i x t u r e  t o  minimize 

t h e  out-of-roundness o f  t he  SRB j o i n t .  The f i x tu re ,  c a l l e d  the  SRB j o i n t  

c i  r c u l  a r i ze r ,  i s  described a1 ong w i  t h  the assembly process. 

Two main gu ide l ines  governed t h e  design o f  the  c i r c u l a r i z e r .  The f i r s t  i s  

t h a t  t h e  strongback should d e f l e c t  on the order o f  one-tenth t h a t  o f  the  SRB 

s h e l l ,  and secondly the jacks  should be capable of d e f l e c t i n g  the SRB she l l  

approximately 1 1/2-inches on t h e  diameter. 

and sec t ion  view of the c i r c u l a r i z e r ,  respect ive ly .  F igure  31 i s  a drawing o f  

t h e  al ignment pins. A desc r ip t i on  o f  the  SRB j o i n t  c i r c u l a r i z e r  components i s  

g iven be l  ow: 

Figures 29 and 30 show a p lan view 

The SRB j o i n t  c i r c u l a r i z e r  consists o f  s i x  main components: (1)  t he  

segmented strongback, ( 2 )  t h e  jack supports, (3 )  t h e  jacks, ( 4 )  t h e  jack ends, 

( 5 )  t h e  c i r c u l a r  template, and (6)  the alignment pins. 

components i s  l i s t e d  below: 

A desc r ip t i on  o f  the 
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1. The segmented strongback cons is ts  o f  twelve sect ions made o f  

one W12X53 beam and two C12X25 channels welded together  t o  

make a box beam. The twelve segments are j o i n e d  by e i t h e r  

welded o r  flanged j o i n t s .  

be f langed f o r  ease o f  setup. 

A t  l e a s t  two opposite j o i n t s  would 

2. The jack supports cons is t  o f  three I& - inch  diameter ex t ra  

s t rong pipes welded t o  a base p la te .  

a re  then bol ted t o  the  j o i n t s  o f  the  strongback. 

3. There are three jacks a t  each o f  t he  twelve strongback j o i n t s  

f o r  a t o t a l  o f  36 jacks. Each se t  o f  th ree  jacks has a hand 

pump valved i n  such a way t h a t  the  three jacks can be pumped 

i n d i v i d u a l l y  o r  simultaneously. 

4. The jack ends cons is t  o f  an upper and lower sect ion which are 

tongue and grooved together  t o  s l i d e  i n  the  r a d i a l  d i r e c t i o n  

when the c i  r c u l a r i z e r  i s  assembled. 

t o  one jack and has two-inch bearings on each side. 

The lower section connects t o  two jacks and has an upper and 

lower hard rubber pad. 

Twelve o f  these supports 

The upper sec t ion  connects 

5. The c i r c u l a r  template i s  a p l a t e  w i t h  the  ou ter  bottom surface 

machined t o  match the lower f lange face w i t h i n  the  design 

tolerances. It a lso  has s t i f f e n i n g  webs and l i f t i n g  lugs. 

6. The alignment p ins  are unthreaded studs w i t h  a taper  a t  the 

end t o  account f o r  any c i rcumferent ia l  o r  r a d i a l  misalignment 

o f  the  b o l t  holes. 
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The purpose of the assembly process i s  t o  assure tha t  the SRB cases are 

true circles and provide controlled guidance as the cased segments are brought 

together. The steps necessary t o  safely accomplish the SRB case assembly are 

listed below: 

(1) Assemble strongback around the SRB and place around j o i n t  

(2) Align 2 opposite jacks a t  the  maximum diameter of lower 

f 1 ange segment 

Place circular template over face o f  lower flange ( 3 )  

( 4 )  Load opposite jacks u n t i l  flanae face matches the circular 

template (figure 32) 

( 5 )  Remove the circular template and p u t  seals into place 

(6) Lower the upper booster segment and adjust alignment pins t o  

match lower segment b o l t  holes (figure 33) 

Load upper jacks u n t i l  the reference face of the jack 

meets w i t h  the lower flange and slip the j o i n t  i n t o  place 

Insert and pretorque as many flange bolts as possible 

Retract the jack and l i f t  the strongback up t o  the next 

assembly j o i n t  

(10) Insert remaining flange bol t s  and tighten a l l  nuts t o  maximum torque 

Some considerations f o r  a f i n a l  design m i g h t  include computer control o f  

( 7 )  

( 8 )  

( 9 )  

the jack system and an extension of t h e  ac t ing  length of the alignment pins. 
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CONCLUDING REMARKS 

A conceptual design o f  an a l t e r n a t e  S h u t t l e  S o l i d  Rocket Booster (SRB) f i e l d  

j o i n t  has been developed which meets the o b j e c t i  

analyzable j o i n t .  The design t h a t  was selected, 

i s  an In-L ine Bo l ted  J o i n t  concept. Th is  design 

seals t h a t  are seated and preloaded by bo1 t s  a t  

throughout f l i g h t .  I n t e r n a l  i n s u l a t i o n  p ro tec ts  

es f o r  a safe, r e l i a b l e  and 

from var ious others considered, 

incorporates two f langed face 

n s t a l l a t i o n  and remain seated 

the seals from ho t  gases and the  

outs ide o f  t he  SRB case j o i n t  i s  protected from aerodynamic heat ing by a cork 

cover i  ng. 

This  concept has been shown by analys is  t o  be s t r u c t u r a l l y  and thermal ly 

sa t i s fac to ry .  The conceptual design contained i n  t h i s  r e p o r t  has no t  been 

optimized however, fu r ther  refinements o f  the design should show tha t :  

(a)  The f lange seal gap can be closed completely 

(b)  A l l  stresses can be reduced t o  more acceptable l e v e l s  

( c )  Weight can be reduced s i g n i f i c a n t l y  

V e r i f i c a t i o n  t e s t i n g  o f  the design i s  s t ra igh t fo rward  and the manufacturing 

techniques are w i t h i n  the c a p a b i l i t i e s  o f  the SRB vendors b u t  w i l l  r equ i re  a t  

l e a s t  a 12-month impact t o  the cu r ren t  STS program schedule. 
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TABLE 8 - NUT GEOMETRY AND BOLT STRENGTH DATA 

B o l t  D ia  Nut Dia Nut Height B o l t  Strength 
( i n 1  ( i n )  ( i n )  ( k s i  1 . .  - -  

ND NH 
1 .ooo 1.88 1.40 186 .O 
1.125 2.10 1.57 234 .O 
1.250 2.36 1.75 292 .O 
1.375 2.61 1.93 333.9 

TABLE 9 - JOINT GEOMETRY DATA 

F1 ange width 
Ro-Ri ( i n )  

Bo1 t Dia Rb R i  

'1 .ooo /2.110 I O  .532 2.52 
1.125 72 .OOO 70.312 2.74 
1.250 71 -873 70.057 2.99 
1.375 71.745 69.802 3.25 

( i n )  ( i n )  ( i n )  

TABLE 10 - JOINT DESIGN LOADS 

B o l t  Dia z=4.5*NH Qo MO T O  

1 .ooo 235/ .O 5953 .O 18E6 

( i n )  ( i n )  (1 bs / i  n) ( i  n-1 bs / in )  ( 1  bs )  

1.125 2357.0 5553.0 18E6 
1.250 7.88 2357.0 5553.0 18E6 
1.375 8.79 2357.0 5553.0 18E6 

Qo and Mo are 50% of the t o t a l l y  f i x e d  react ion 
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TABLE 11 - REQUIRED JOINT BOLTS 

Bo1 t A1 1 owabl e Minimum Requi red Number o f  
Dfa load/bol t Number o f  Number o f  Bo1 t s  Used 
( i n )  ( k ips )  Bo l ts  Bo1 t s  (spacing) 

P1 

1.000 130.2 139 208 232 (1.55') 
1.125 163.8 110 166 180 (2.10') 
1.250 204.4 89 133 144 (2.50') 
1.375 233.7 78 116 116 (3.10') 

TABLE 12 - BEARING REACTION SUMMARY 

Bo1 t d ia  a 
( i n )  ( i n )  

F r  
( l b s )  

1 .ooo 0.268 53614 .O 
1.125 0.386 63800 .O 
1.250 0.511 79400 .O 
1.375 0.786 78528 .O 

TABLE 13 - JOINT WEIGHT ESTIMATES 

B o l t  d ia  Web Area Weight Estimate * 
( i n )  ( i n2) ( l b s )  

1 .ooo -0 50 2416 .O 
1.125 t0.22 2814 .O 
1.250 t1.17 3029 .O 
1.375 t2.66 3543 .o 

weight i s  based on 24" 1 ong segments 
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Table 14 - MODEL VS. THEORY 

DESCRIPTION THEORY MODEL 

Radi a1 def 1 ec t i  on 0.313' 0.314" 

Ax ia l  s t ress 81,609 p s i  81,692 ps i  

C i rcumf eren ti a1 st ress 151,505 ps i  155,430 p s i  

TABLE 15 - SUMMARY OF LOCALLY CONCENTRATED STRESS POINTS 

Maximum Nodal Stress1 

Model Axial  Stress Circumferent ia l  Stress 

Component (ps i  1 ( p s i  1 
~ 

She1 1 214,4522 

F1 ange -159,210 

Web 230,1634 

175,369 

358,8603 

85,426 

Notes: (1)  Based on maximum average nodal stresses 

(2 )  Geometric d iscont inu i ty  bending stress on the 

ins ide o f  the she l l  near the t rans i t i on .  

(3)  Stress concentration a t  the edge o f  the b o l t  hole. 

(4)  Concentrated t e n s i l e  s t ress on the outer edge o f  the web. 
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SOLID ROCKET BOOSTER 
IN-L IN€ BOL TED FLANGE CONCEPT 

F A  IRING 
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Figure 13. External f a i r i n g  adhensive footpr in t .  
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r Fadory joint Field joint 

b r o f i i e  at 00 F 
and lo00 PSI 

( a )  Current design. 

Phenolic - silica rings 

Bonded joint to 
prevent sh r i nkage 
(stresses low 60 PSI )  

Effective length 

( b) Proposed desi gn. 

Figure 14. Schematic o f  NBR l i n e r  shrinkage p r o f i l e .  
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Figure 19. I n - l i n e  bolted j o i n t  concept analysis model. 
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Figure 20. Prel oaded bo1 t f i ni te-el ement model . 
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UNDEFORMED GEOMETRY 

DEFORMED GEOMTRY 

z X 
SRM IN-LINE BOLTED JOINT CONCEPT 
RESPONSE TO SRM IGNITION LOADS 
LARC 6/24/86 

Figure 23. Undeformed/deformed geometry. 
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Figure 29. 
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